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Abstract
The deviation of the measured value of the muon anomalous magnetic moment from the standard
model prediction can be completely explained by mixing of the muon with extra vectorlike leptons,
L and E, near the electroweak scale. This mixing simultaneously contributes to the muon mass.
We show that the correlation between contributions to the muon mass and muon g-2 is controlled
by the mass of the neutrino originating from the doublet L. Positive correlation, simultaneously
explaining both measured values, requires this mass below 200 GeV. The decay rate of the Higgs
boson to muon pairs is modified and, in the region of the parameter space that can explain the
muon anomalous magnetic moment within one standard deviation, it ranges from 0.5 to 24 times
the standard model prediction. In the same scenario, h→ γγ can be enhanced or lowered by ∼50%
from the standard model prediction. The explanation of the muon g-2 anomaly and predictions
for h→ γγ are not correlated since these are controlled by independent parameters. This scenario
can be embedded in a model with three complete vectorlike families featuring gauge coupling
unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all the
way to the grand unification scale.
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I. INTRODUCTION
The measured value of the muon anomalous magnetic moment represents one of the
largest discrepancies from predictions of the standard model (SM). There has been a variety
of new physics models attempting to explain this deviation [1]. Most of the effort has been
within the frameworks related to the explanation of the hierarchy between the electroweak
(EW) scale and the grand unification (GUT) scale or the Planck scale.
However, we continue to see no signs of new physics related to solving the hierarchy prob-
lem at the LHC, and many well motivated possible explanations of the muon g-2 anomaly
are now excluded. This motivates us to step back and see whether there are other simple
ways to explain the anomaly, that are testable at the LHC, but not necessarily related to
the naturalness problem of the electroweak symmetry breaking.
In this paper we show that the deviation of the measured value of the muon anomalous
magnetic moment from the standard model prediction can be completely explained by mixing
of the muon with extra vectorlike leptons, L and E, near the electroweak scale. This
mixing simultaneously contributes to the muon mass. We find that the correlation between
contributions to the muon mass and muon g-2 is controlled by the mass of the neutrino
originating from the doublet L, that is given by the vectorlike mass parameter ML. Positive
correlation, simultaneously explaining both measured values, requires this parameter to be
small, ML . 200 GeV. We further discuss implication of this scenario for Higgs decays,
namely h → µ+µ− and h → γγ, and provide a UV embedding of this scenario with many
attractive features.
The possibility of explaining the muon g-2 anomaly by mixing of the muon with extra
heavy leptons was previously noticed in Refs. [2, 3]. The mass enhancement originating
from the loop involving a heavy lepton is compensated by a small flavor violating couplings
(which originate from the mixing and thus they are suppressed by the mass of the heavy
lepton). Therefore, the new physics contribution to the muon g-2, with new fermions at or
below the TeV scale, can be of the same order as the contributions of the W and Z bosons in
the standard model. Similar effect can be obtained with a Z ′ with flavor violating couplings
of the muon to a heavier lepton, see for example Ref. [4].
Indeed, in several scenarios with new leptons near the EW scale explored recently in
Ref. [3], it was found that the size of the muon g-2 anomaly is naturally of the same order as
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the contribution generated by heavy leptons, when their contribution to the muon mass is
comparable to the physical muon mass. However, it was found that a positive contribution
to the muon mass results in a negative contribution to the muon g-2 and vice versa. This
was explored in the asymptotic limit of taking masses of extra leptons large while keeping
the mixing with the muon constant (by increasing Yukawa couplings). We will show that
this anticorrelation only happens in the asymptotic limit due to the dominance of the Higgs
contribution. For smaller masses, it is theW contribution, controlled byML, that dominates.
This reverses the sign of the correlation and a simultaneous explanation of the muon mass
and muon g-2 from the mixing can be achieved, and it is fairly generic for small ML.
1 In
addition, an arbitrary correlation can be achieved in between the small ML case, dominated
by the W loop, and the asymptotic case, dominated by the Higgs loop.
Mixing of the muon with heavy leptons generically leads to a modification of the Higgs
coupling to the muon [5] [3]. Thus, the decay rate of the Higgs boson to muon pairs is
modified, and in the region of the parameter space that can explain the muon g-2 within 1σ,
it ranges from ∼0.5 to ∼24 times the standard model prediction. A part of the parameter
space is already excluded by the ATLAS search for h→ µ+µ−, that with 20.7 fb−1 collected
at 8 TeV sets the limit 9.8 times the SM prediction [6].
The scenario also allows for a sizable modification of h→ γγ, since extra charged leptons
can appear in loops mediating this process. This was recently extensively discussed in
Refs. [7–10], motivated by the observed rate for h → γγ at both the ATLAS and CMS
experiments being significantly above the SM prediction at some point. However, with more
data collected, the current ATLAS result is 1.65± 0.35 times the SM prediction [11], while
the CMS experiment finds 0.78 ± 0.27 [12]. In the region of the parameter space that can
explain the muon g-2 within 1σ, limiting the size of Yukawa couplings to 0.5, motivated
by a simple UV embedding, the branching ratio for h → γγ can be enhanced by ∼15% or
lowered by ∼25%. Allowing Yukawa couplings of order 1 the h→ γγ rate can be modified by
∼50%. The explanation of the muon g-2 anomaly and predictions for h → γγ are however
not correlated, since these are controlled by independent parameters.
1 This possibility was missed in the original version of Ref. [3], arXiv:1111.2551v1 [hep-ph], as a result of a
mistake in the calculation of the W contribution. It was pointed out by one of the authors of this paper,
A.R.. In the corrected version of Ref. [3] some points with a positive correlation between contributions to
the muon g-2 and muon mass appeared, but the focus of the paper remained on the asymptotic case.
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Models with flavor violating couplings are typically highly constrained by limits on a
variety of flavor changing precesses. However, these constraints involve products of flavor
violating couplings of two different light leptons, while for the explanation of the muon g-2
anomaly only the couplings of the muon to heavy leptons are necessary. We can therefore
take the existing limits on flavor violating processes as constraints on other couplings in the
model that are not necessary for the explanation of the muon g-2 anomaly.
While the extra vectorlike leptons, L and E, that mix with the muon are sufficient for
the explanation of the muon g-2 anomaly, this does not have to be the full story. The
model can be combined with other scenarios involving vectorlike fermions. For example,
it is possible to embed it into recently discussed scenario with extra 3 or more complete
vectorlike families [13, 14] featuring gauge coupling unification, sufficiently stable proton,
and the Higgs quartic coupling remaining positive all the way to the GUT scale. In this
scenario, predicted values of gauge couplings at the electroweak scale are highly insensitive
to GUT scale parameters and masses of vectorlike fermions. They can be understood from
IR fixed point predictions and threshold effects from integrating out vectorlike families. Fur-
thermore, a model with extra Z ′ and vector-like quarks was recently discussed as a possible
explanation of the anomalies in Z-pole observables: the forward-backward asymmetry of
the b-quark, and the lepton asymmetry obtained from the measurement of left-right asym-
metry for hadronic final states [15, 16]. These two scenarios could also be combined, and
a simultaneous explanation of anomalies in Z-pole observables and the muon g-2 could be
obtained.
This paper is organized as follows. In Sec. II, we define the model and find expressions for
couplings of Z, W and h to the SM and extra leptons. In Sec. III, we calculate contributions
of extra leptons to the muon anomalous magnetic moment, qualitatively discuss expected
results, provide results from numerical scans over the parameters space, and discuss the
predictions from the regions that explain the muon g-2 for higgs decays, namely h→ µ+µ−
and h→ γγ. We also discuss constraints from precision EW observables, current constraints
from the LHC, and encourage further searches for extra leptons in a variety of final states
at the LHC. In Sec. IV, we discuss a possible UV embedding of this model in the extension
of the SM with three complete vector like families. We provide some concluding remarks in
Sec. V.
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II. MODEL
Quantum numbers of SM particles and extra vectorlike family (VF) are summarized
in Table I. The notation is straightforward, we use lower case letters for standard model
particles and upper case letters for particles from extra VF, e.g. ER has the same quantum
numbers as eR and its vector like partner is EL. For the discussion of the muon g-2 only LL,R
and EL,R are relevant. Extra quarks obviously do not contribute and we will not assume
that the standard model singlets NL,R are near the EW scale.
TABLE I: Quantum numbers of standard model and extra vectorlike particles. The electric charge
is given by Q = T3 + Y , where T3 is the weak isospin, which is +1/2 for for the first component of
a doublet and -1/2 for the second component.
qL uR dR lL νR eR H QL,R UL,R DL,R LL,R NL,R EL,R
SU(3)C 3 3 3 1 1 1 1 3 3 3 1 1 1
SU(2)L 2 1 1 2 1 1 2 2 1 1 2 1 1
U(1)Y
1
6
2
3 -
1
3 -
1
2 0 -1
1
2
1
6
2
3 -
1
3 -
1
2 0 -1
The most general renormalizable lagrangian for charged leptons is given by:
L ⊃ −l¯LiyijeRjH − l¯LiλEi ERH − L¯LλLj eRjH − λL¯LERH − λ¯H†E¯LLR
−MLL¯LLR −MEE¯LER + h.c., (1)
where the terms in the first line represent the usual standard model Yukawa couplings, (the
sum over flavor indices is assumed), Yukawa couplings between SM leptons and leptons from
VF, and between leptons from VF. Terms in the second line are mass terms for vectorlike
pairs of leptons. We label the components of doublets as follows:
lLi =
 νi
eLi
 , LL,R =
 L0L,R
L−L,R
 , H =
 0
v + h√
2
 , (2)
where v = 174 GeV is the vacuum expectation value of the Higgs field.
After spontaneous symmetry breaking the 5× 5 mass matrix for charged leptons is given
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by:
(e¯Li, L¯
−
L , E¯L) Me

eRj
L−R
ER
 = (e¯Li, L¯−L , E¯L)

yijv 0 λ
E
i v
λLj v ML λv
0 λ¯v ME


eRj
L−R
ER
 , (3)
and it is convenient to define 5-component vectors: eLa ≡ (eLi, L−L , EL)T (and similarly for
eRa with L → R), which combine the left (right) handed fields of the SM with those from
the extra vectorlike pairs. We use indices from the beginning of the alphabet for combined
vectors and indices starting with i for only the standard model leptons. This mass matrix can
be diagonalized by a bi-unitary transformation, U †LMeUR, which defines the mass eigenstate
basis. We label the mass eigenstates by ea and for the lightest three eigenstates we will also
use their names: e, µ and τ .
Before diagonalizing the full mass matrix, it is instructive to change the basis by a
unitary transformation, eLi → (VLeL)i, eRj → (VReR)j, which diagonalizes the standard
model Yukawa couplings yij. The mass matrix becomes
(V †LyVR)ijv 0 (V
†
L)ikλ
E
k v
λLl (VR)ljv ML λv
0 λ¯v ME
 . (4)
Since we are interested in modifying couplings of the muon, we assume that only (V †L)2kλ
E
k
and λLl (VR)l2 are non-zero. This corresponds to the situation when λ
E
k ∝ (VL)k2 and λLl ∝
(V †R)2l, or in the basis where standard model Yukawa couplings are diagonal, it corresponds
to λL,E1 = λ
L,E
3 = 0 and λ
L,E
2 ≡ λL,E is non-zero. This is the minimal scenario that does not
modify standard model couplings of the electron and tau.
In this minimal scenario, masses of the electron and tau fully originate from their Yukawa
couplings to the Higgs boson since they do not mix with heavy leptons. Therefore we can
look at the 3× 3 mass matrix for the muon and the extra heavy leptons separately:
U †L

yµv 0 λ
Ev
λLv ML λv
0 λ¯v ME
UR =

mµ 0 0
0 me4 0
0 0 me5
 , (5)
where we use the same names for diagonalization matrices UL,R as for the matrices that
diagonalize the general 5 × 5 matrix. We label their components by 2, 4 and 5 so that
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results are applicable to the general scenario. Similarly we label the heavy mass eigenstates
by e4 and e5.
In the limit
λEv, λLv, λ¯v, λv ME,ML, (6)
approximate analytic formulas for diagonalization matrices can be obtained which are useful
for deriving approximate formulas for couplings of Z,W and h. In this limit, the two heavy
charged leptons have masses close to ML and ME. In the basis (mµ,me4 'ML,me5 'ME)
the diagonalization matrices are given by:
UL =

1− v2 λ2E
2M2E
−v2
(
λE
ML
λ¯ME+λML
M2E−M2L
− yµλL
M2L
)
v λE
ME
v2 λ¯λEML−yµλLME
M2LME
1− v2 (λME+λ¯ML)2
2(M2E−M2L)2
v λ¯ML+λME
M2E−M2L
−v λE
ME
−v λ¯ML+λME
M2E−M2L
1− v2 λ2E
2M2E
− v2 (λME+λ¯ML)2
2(M2E−M2L)2

(7)
and
UR =

1− v2 λ2L
2M2L
v λL
ML
v2
(
λL
ME
λ¯ML+λME
M2E−M2L
+ yµλE
M2E
)
−v λL
ML
1− v2 λ2L
2M2L
− v2 (λ¯ME+λML)2
2(M2E−M2L)2
v λ¯ME+λML
M2E−M2L
v2 λLλ¯ME−yµλEML
MLM
2
E
−v λ¯ME+λML
M2E−M2L
1− v2 (λ¯ME+λML)2
2(M2E−M2L)2

. (8)
A. Couplings of the Z boson and photon
Couplings of the electron and τ to the Z boson are not modified from their SM values.
Couplings of other charged leptons to the Z boson are modified because the extra EL is an
SU(2) singlet but it mixes with SU(2) doublets, and L−R originates from an SU(2) doublet
but it mixes with SU(2) singlets. The couplings follow from the kinetic terms:
Lkin ⊃ e¯Lai /DaeLa + e¯Rai /DaeRa = ¯ˆeLa(U †L)aci /Dc(UL)cbeˆLb + ¯ˆeRa(U †R)aci /Dc(UR)cbeˆRb, (9)
where the vectors of mass eigenstates are eˆLa ≡ (µˆL, eˆL4, eˆL5)T and similarly for eˆR. The
covariant derivative is given by:
Dµa = ∂µ − i g
cos θW
(T 3a − sin2 θWQa)Zµ − ieQaAµ, (10)
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where the weak isospin T 3 and the electric charge Q for a given field can be obtained from
Table I. Defining couplings of the Z boson to fermions fa and fb by the lagrangian of the
form
L ⊃
(
f¯Laγ
µgZfafbL fLb + f¯Raγ
µgZfafbR fRb
)
Zµ (11)
we find the couplings of left- and right-handed fields:
gZeaebL =
g
cos θW
∑
c=2,4,5
(T 3Lc − sin2 θWQc)(U †L)ac(UL)cb, (12)
gZeaebR =
g
cos θW
∑
c=2,4,5
(T 3Rc − sin2 θWQc)(U †R)ac(UR)cb, (13)
where Qc = −1 is the same for all states; T 3Lc = −1/2 for c = 2, 4, and 0 for c = 5; and
T 3Rc = 0 for c = 2, 5, and −1/2 for c = 4.
Since Qc = −1 for all the fields, couplings of the photon are not modified from their
SM values by field rotations. However, due to different weak isospins of fields that mix, the
couplings of the Z boson given in Eqs. (12) and (13) are modified. Corrections to the usual
SM value of the left-handed charged lepton coupling,
(gZeaebL )SM =
g
cos θW
(−1
2
+ sin2 θW )δ
ab (14)
can be written as:
δgZeaebL =
g
2 cos θW
(U †L)a5(UL)5b. (15)
Similarly, corrections to the usual SM value of the right-handed charged lepton coupling,
(gZeaebR )SM =
g
cos θW
sin2 θW δ
ab (16)
can be written as:
δgZeaebR = −
g
2 cos θW
(U †R)a4(UR)4b. (17)
B. Couplings of the W boson
The couplings of the electron and τ to the W boson are not modified from their SM
values. Couplings of other charged leptons follow from the kinetic terms:
Lkin ⊃ g√
2
(
ν¯µγ
µµL + L¯
0
Lγ
µL−L + L¯
0
Rγ
µL−R
)
W+µ + h.c. (18)
=
g√
2
(
ν¯µγ
µ(UL)2beˆLb + L¯
0
Lγ
µ(UL)4beˆLb + L¯
0
Rγ
µ(UR)4beˆRb
)
W+µ + h.c.. (19)
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Defining couplings of the W boson to neutrinos νa and charged leptons eˆb by the lagrangian
of the form
L ⊃
(
ν¯Laγ
µgWνaebL eˆLb + ν¯Raγ
µgWνaebR eˆRb
)
W+µ + h.c., (20)
we find couplings of left- and right-handed fields:
g
Wνµeb
L =
g√
2
(UL)2b, g
Wν4eb
L =
g√
2
(UL)4b, (21)
gWν4ebR =
g√
2
(UR)4b. (22)
C. Couplings of the Higgs boson
In the minimal scenario that we are focusing on, couplings of the electron and tau to
the Higgs boson are given by the SM relations, λe,τ = me,τ/v. This usual relation between
the mass of a particle and its coupling to the Higgs boson does not apply to other charged
leptons as a consequence of explicit mass terms for vectorlike fermions, ME and ML. The
couplings of the Higgs boson for other charged leptons follow from the Yukawa terms:
LY ⊃ − 1√
2
e¯La Yab eRb h + h.c. = − 1√
2
¯ˆeLa(U
†
L)ac Ycd (UR)db eˆRb h + h.c., (23)
where
Y =

yµ 0 λ
E
i
λLj 0 λ
0 λ¯ 0
 . (24)
Since the Y matrix is not proportional to the mass matrix given in Eq. (5) the Higgs couplings
are in general flavor violating. Defining couplings of the Higgs boson to mass eigenstates
fermions fa and fb by the lagrangian of the form
L ⊃ − 1√
2
f¯La λfafb fRb h+ h.c., (25)
we find:
λeaeb =
∑
c,d=2,4,5
(U †L)acYcd(UR)db. (26)
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Noticing that Y v = Me − diag(0,ML,ME) the Higgs boson couplings to mass eigenstates
can be alternatively written as:
λeaebv =

mµ 0 0
0 me4 0
0 0 me5
− U †L

0 0 0
0 ML 0
0 0 ME
UR, (27)
where the first term comes from the usual SM relation between fermion masses and their
couplings to the Higgs boson and the second term represents contributions from the ML,E
terms.
In the limit (6), the approximate analytic formulas for all the couplings of Z,W and h
can be easily obtained from diagonalization matrices (7) and (8).
III. THE MUON ANOMALOUS MAGNETIC MOMENT
The discrepancy between the measured value of the muon anomalous magnetic mo-
ment [17] and the SM prediction,
∆aexpµ = a
exp
µ − aSMµ = 2.7± 0.80× 10−9, (28)
that we will use in our analysis, is the average of evaluations of this discrepancy reported by
several groups: 2.49± 0.87× 10−9 [18], 2.61± 0.80× 10−9 [19], and 2.87± 0.80× 10−9 [20].
On average, the discrepancy is at the level of 3.4 standard deviations.
The contributions to the muon magnetic moment from extra fermions originate from
the loop diagrams with the Higgs, Z and W bosons shown in Fig. 1. Our calculation of
these contributions, presented below, agrees with the results in Refs. [21, 22] and also in
the revised version of Ref. [3]. For references to the original calculation of the Z, W , and h
contributions in the SM, see Ref. [1].
The contribution from the Higgs diagram is given by
δahµ = −
mµ
32pi2M2h
∑
b=4,5
[
(|λµeb|2 + |λebµ|2)mµFh(xhb) + Re (λµebλebµ)mebGh(xhb)
]
, (29)
where xhb ≡ (meb/Mh)2, the couplings are given in Eq. (26) with index µ ≡ e2, and the loop
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FIG. 1: Feynman diagrams contributing to the muon magnetic moment that involve loops of extra
fermions and the Higgs, Z and W bosons.
functions are as follows:
Fh(x) = −x
3 − 6x2 + 3x+ 6x ln(x) + 2
6(1− x)4 , (30)
Gh(x) =
x2 − 4x+ 2 ln(x) + 3
(1− x)3 . (31)
The contribution from the Z diagram is given by
δaZµ = −
mµ
8pi2M2Z
∑
b=4,5
[
(|gZµebL |2 + |gZµebR |2)mµFZ(xZb) + Re (gZµebL gZµeb∗R )mebGZ(xZb)
]
,
(32)
where xZb = (meb/MZ)
2, the couplings are given in Eqs. (12) and (13) with index µ ≡ e2,
and the loop functions are as follows:
FZ(x) =
5x4 − 14x3 + 39x2 − 38x− 18x2 ln(x) + 8
12(1− x)4 , (33)
GZ(x) =
x3 + 3x− 6x ln(x)− 4
2(1− x)3 . (34)
Finally, the contribution from the W diagram is given by
δaWµ = −
mµ
16pi2M2W
[
(|gWν4µL |2 + |gWν4µR |2)mµFW (xW ) + Re (gWν4µL gWν4µ∗R )MLGW (xW )
]
,
(35)
where xW = (ML/MW )
2 since the mass of ν4 is given by ML. The couplings are given in
Eqs. (21) and (22) with index µ ≡ e2, and the loop functions are as follows:
FW(x) = −4x
4 − 49x3 + 78x2 − 43x+ 18x3ln(x) + 10
6(1− x)4 , (36)
GW(x) = −x
3 − 12x2 + 15x+ 6x2ln(x)− 4
(1− x)3 . (37)
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A. Qualitative analysis
An interesting insight can be obtained by integrating out vectorlike leptons [3]. In the
limit (6) the muon mass, after EW symmetry breaking, receives contributions from two
terms:
Leff ⊃ −µ¯L
(
yµ +
λLλ¯λE
MLME
HH†
)
µRH + h.c. −→ −
(
mHµ +m
LE
µ
)
µ¯LµR + h.c., (38)
where mHµ originates from the direct Yukawa coupling of the muon flavor eigenstate and
mLEµ comes from the mixing with vectorlike leptons. Due to the same chiral structure, the
mLEµ term also contributes to the muon magnetic moment. This contribution can be written
as
∆aµ ' c
mµm
LE
µ
(4piv)2
' 0.85 c m
LE
µ
mµ
∆aexpµ . (39)
In the limit ME ' ML  MZ it was found that c = −1 [3]. This means that the contribu-
tions to the muon mass and muon g-2 are anticorrelated. Nevertheless, ignoring the wrong
sign, the size of the contribution to the muon g-2 is what is needed to explain the measured
value when the muon mass originates mostly from the mixing with vectorlike leptons.
However, this conclusion holds only in the asymptotic region ME ' ML  MZ . We
can obtain a simple approximate formula for ∆aµ even in the region of small ME and ML.
It turns out, that the formula (39) is still valid with c being a function of masses of extra
fermions which can be written as:
c = cW (xW ) + cZ(xZ) + ch(xh) ' GW (xW )− 2. (40)
The second part follows from cW (xW ) ' GW (xW ) and the sum of the cZ(xZ) and ch(xh)
being approximately −2 in a large range of masses, as a result of GZ(x) and xGh(x) changing
slowly with x.
The Higgs contribution can be approximately written as ch(xh) ' 3/2xhGh(xh) where xh
is associated with the lighter of the two leptons.2 It varies from −1 to −3/2 for xh between 1
and∞. Asymptotically, or if at least one of the masses of extra charged leptons is somewhat
larger than MZ , the Z contribution is given by cZ(xZ) ' GZ(xZ), where the xZ is associated
2 In the derivation of this formula we used the fact that xhGh(xh) varies very little with xh. A better
approximation is ch(xh) ' xh4Gh(xh4) + 1/2xh5Gh(xh5) when the masses of the two charged leptons are
different, and ch(xh) ' xhGh(xh)− 1/2x2hG′(xh) when the masses are similar.
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with the heavier of the two leptons. Numerically, cZ(xZ) ' −1/2 which is the asymptotic
value of GZ(xZ). For both masses close to MZ we find cZ(xZ) ' GZ(xZ) + xZG′(xZ) which
for xZ = 1 equals −3/4. Therefore, the Z contribution varies from −3/4 to −1/2 for xZ
between 1 and∞. Thus, the Z and Higgs contributions add up to ∼ −2 for a large range of
masses of vector like leptons.
The W contribution, cW (xW ) ' GW (xW ), strongly depends on the mass of the heavy
neutrino, which in our model is given by ML. While its asymptotic value is +1 leading to
total c ' −1, for ML ' MW it is +3 leading to total c ' +1. Therefore, the correlation
between contributions to the muon mass and muon g-2 is mostly controlled by ML, and we
have two solutions: the asymptotic one, ML MZ , in which case the measured value of the
muon g-2 is obtained for mLEµ /mµ ' −1; and the second one with a light extra neutrino,
ML 'MW , in which case the measured value of the muon g-2 is obtain for mLEµ /mµ ' +1.
In the first case, about twice as large contribution from the direct Yukawa coupling of the
muon is required to generate the correct muon mass, while in the second case, the muon
mass can fully originate from the mixing with heavy leptons. Any other correlation between
+1 and −1 can be obtained by increasing the ML from the EW sale to the ∼ 1 TeV scale.
This is illustrated in Fig. 2 in which we show separate contributions to the muon g-2 and
the c coefficient from Z,W and h as functions of ML. In both plots we fix: ME = 250 GeV,
λ¯ = 0.5, λ = 0, and λL and λE are set to their approximate maximum values allowed by
precision EW data (discussed later) which fixes mLEµ . Almost identical shape of lines in both
plots in Fig. 2 further supports the fact that Eq. (39) with c given in (40) is indeed a good
approximation. Chosen signs of couplings in the plots correspond to generating a positive
contribution to the muon mass from mLEµ . If the product λ
Lλ¯λE is negative, leading to a
negative contribution to the muon mass from mLEµ , the g-2 plot would look identical with
the signs on the y-axis flipped.
The contributions to the c coefficient in Fig. 2, for a given choice of parameters, are
representative for a large range of ML and ME. The plots would be almost identical for any
larger value of ME, and would only slightly change in the small ML region for ME as small as
100 GeV. All the Yukawa couplings only rescale the contributions to the muon g-2, different
choices do not change the results qualitatively as far as the condition (6) is satisfied.
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FIG. 2: Left: contributions to the muon g-2 from Z,W and h loops with heavy leptons shown in
Fig. 1 as functions of ML. The sum of all contributions is also plotted. Dark and light shaded
bands correspond to 1σ and 2σ regions of ∆aµ specified in Eq. (28). Right: separate and total
contributions to the c coefficient defined by assuming the equality in Eq. (39) that show the
correlation between contributions of heavy leptons to the muon g-2 and the muon mass. In both
plots we fix: ME = 250 GeV, λ¯ = 0.5, λ = 0 and λ
L and λE are set to their approximate maximum
allowed values given in Eq. (41). The signs of couplings are chosen so that mLEµ is positive. For
the opposite sign of mLEµ , the signs on the y-axis in the left plot should be flipped.
B. Constraints
In the numerical scans over the parameter space that follow, we impose constraints from
precision EW data related to the muon that include the Z pole observables (Z partial width,
forward-backward asymmetry, left-right asymmetry), the W partial width, and the muon
lifetime [23]. In the limit of small couplings (6) these constraints approximately translate
into 95% C.L. bounds on λE,L couplings:
λEv
ME
. 0.03, λ
Lv
ML
. 0.04. (41)
These quantities squared represent modifications of the SM couplings of the Z and W to the
muon, which can be obtained from Eqs. (15), (17), (21) and the diagonalization matrices
(7) and (8). We further impose constraints from oblique corrections, namely from S and T
parameters [23]. Finally, we impose the LEP limits on masses of charged leptons which are
required to be larger than 105 GeV.
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FIG. 3: Left: Randomly generated points with ML ∈ [100, 1000] GeV, ME ∈ [100, 1000] GeV,
λ¯ < 0.5, λ = 0, and λL,E in allowed ranges from precision EW data, plotted in ∆aµ – m
LE
µ /mµ
plane. Both signs of couplings are allowed. The lightest mass eigenstate is required to satisfy the
LEP limit. Different colors (shades) correspond to different regions of ML in the order from top
to bottom on the right side of the plot: ML < 150 GeV, < 250 GeV, < 500 GeV, and < 1000 GeV
(the order is reversed on the left side of the plot). Horizontal line and dark (light) shaded bands
correspond to the central experimental value of ∆aµ and 1σ (2σ) regions respectively, specified in
Eq. (28). Right: the same points as on the left plotted in ∆aµ – Rµµ plane.
C. Scan over the parameter space: the muon g-2 and Higgs decays
Previous qualitative discussion of expected results is fully supported by numerical scans.
In Fig. 3 on the left we plot the contribution to the muon g-2 versus the contribution to
the muon mass from the mixing with heavy leptons for randomly generated points with
ML ∈ [100, 1000] GeV, ME ∈ [100, 1000] GeV, λ¯ < 0.5, and λL,E in allowed ranges from
precision EW data. For simplicity, λ is set to 0 in these plots, because it should not have
a significant effect on our results. In all the plots in this section the mLEµ is defined more
precisely as the mass that the muon would have if the direct Yukawa coupling was zero.
Different colors (shades) correspond to different regions of ML. This shows that it is indeed
ML that controls the correlation between the contribution to the muon g-2 and muon mass.
There are two solutions: the asymptotic solution for large ML in which the measured
muon g-2 can be obtained for mLEµ /mµ ' −1 and so the physical muon mass is a result of
a cancellation between the direct Yukawa coupling and the contribution from the mixing;
and the light neutrino solution for ML ' 100 GeV in which case the muon mass can fully
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FIG. 4: The same as in Fig. 3 with additional randomly generated λ < 0.5.
originate from the mixing, mLEµ /mµ ' +1.
On the right in Fig. 3 we plot the same points in ∆aµ – Rµµ plane, where
Rµµ ≡ Γ(h→ µ
+µ−)
Γ(h→ µ+µ−)SM . (42)
This plot can be easily understood from Eq. (38). The enhancement of Γ(h → µ+µ−) by
a factor of 9 compared to the SM in the small ML case that can explain the muon g-2
anomaly, for which mLEµ /mµ ' +1, originates from 3 possible ways one Higgs coupling and
2 vevs replace the Higgs fields in the second term in Eq. (38). In the asymptotic case,
mLEµ /mµ ' −1, that also explains the anomaly, Rµµ ' 1, which results from the first term
in Eq. (38) being twice as large as in the SM and the same combinatoric factor of 3 with a
minus sign from the second term.
From the qualitative discussion in the previous section we expect that allowing nonzero
λ should not change the results dramatically. This can be seen in Fig. 4 which is obtained
under the same conditions as Fig. 3 with additional randomly generated λ < 0.5. Additional
λ coupling has however important consequences for h → γγ. If both λ and λ¯ are nonzero,
the h → γγ can be significantly modified. In Fig. 5 we plot the points from Fig. 4 in the
∆aµ – Rγγ plane, where
Rγγ =
Γ(h→ γγ)
Γ(h→ γγ)SM . (43)
In the plot on the left the color notation is the same as in Fig. 4, namely it represent different
regions of ML, while in the plot on the right different colors (shades) represent the mass of
the lightest mass eigenstate which is more meaningful for h→ γγ.
In the small ML case that can explain the muon g-2 within one standard deviation the
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FIG. 5: Left: the same as in Fig. 4 plotted in the ∆aµ – Rγγ plane. Right: the same as on the left
but different colors (shades) represent the mass of the lighter extra charged lepton mass eigenstate,
me4 , in ranges < 150 GeV, < 250 GeV, < 500 GeV, and < 1000 GeV when going from outside
toward the center.
Rγγ can be decreased by about 25% or increased by about 15%. In the asymptotic case,
Rγγ is negligibly modified in the region that explains the muon g-2 within one standard
deviation.
Some of the results presented so far depend on our upper limit on possible Yukawa
couplings which we took to be 0.5. This upper limit is motivated by a simple UV embedding
with nice features concerning the stability of the EW minimum of the Higgs potential, that
we will discuss in the next section. This however is just one possibility and in principle
larger values of Yukawa couplings should be considered on phenomenological grounds. Thus
we also plot similar results assuming upper limit for all Yukawa couplings to be 1.
The randomly generated points extended to λ¯ < 1 with λ = 0 are plotted in Fig. 6 in
the ∆aµ – m
LE
µ /mµ plane on the left, and in the ∆aµ – Rµµ plane on the right. Comparing
Figs. 3 and 6 clearly demonstrates the effect of varying λ¯ coupling; increasing λ¯ extends the
plots to larger values of both ∆aµ and m
LE
µ /mµ, while the correlation of these contributions
is unchanged. The Higgs coupling to the muon is modified more dramatically, and part of
the parameters space is already ruled out by the ATLAS search for h → µ+µ− [6] (lightly
shaded regions in both plots). The Rµµ ranges between 6 and 9.8 (the current limit) in
the small ML case that can explain the muon g-2 anomaly, and between 1 and 9 in the
asymptotic case.
The addition of λ < 1 somewhat expands the ranges of ∆aµ, m
LE
µ /mµ and Rµµ for all
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FIG. 6: The same as in Fig. 3 with the region of λ¯ extended to λ¯ < 1. The lightly shaded points
are excluded by the ATLAS search for h → µ+µ−. The plot on the right would extend to larger
values of Rµµ ' 24.
FIG. 7: The same as in Fig. 6 with additional randomly generated λ < 1.
regions of ML, which can be seen in Fig. 7. Nevertheless, as expected, the plots in Figs. 6
and 7 look qualitatively very similar.
Increasing λ¯ and λ up to 1 significantly extends ranges of predictions for Rγγ, given in
Fig. 8, especially for the asymptotic case. In the small ML case that can explain the muon
g-2 anomaly within 1σ, the Rγγ ranges between 0.6 and and 1.15; while in the asymptotic
case the Rγγ ranges between 0.9 and 1.5. In addition, the range of possible masses of the
lightest extra charged lepton significantly expands, see Fig. 8 on the right. With λ¯, λ < 1
for the small ML case that can explain the muon g-2 anomaly within 1σ the mass of the
lightest extra charged lepton, me4 , has to be at most ∼250 GeV, while with λ¯, λ < 0.5 the
maximum mass is only ∼150 GeV.
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FIG. 8: Left: the same as in Fig. 4 plotted in the ∆aµ – Rγγ plane. Right: the same as on the left
but different colors (shades) represent the mass of the lighter extra charged lepton mass eigenstate,
me4 , in ranges < 150 GeV, < 250 GeV, < 500 GeV, and < 1000 GeV when going from outside
toward the center. The lightly shaded points are excluded by the ATLAS search for h→ µ+µ−.
D. Light charged leptons at the LHC
This scenario, especially the small ML case that can explain the muon g-2 anomaly could
be searched for at the LHC. The LHC phenomenology of extra leptons was discussed for
example in Refs. [5, 24, 25], [3]. The pair production cross section of extra leptons with
masses of order 100 GeV is about 1pb at the LHC at 8 TeV (and it is steeply falling with
increasing the mass). Extra leptons decay into Z,W or h and a light lepton. The decay
branching ratios are typically comparable and so the signatures of this scenario are spread
over a variety of final states. Especially for small masses of charged leptons the branching
ratios highly depend on the Yukawa couplings.
So far limited searches have been done. A search motivated by heavy leptons specific to
Type III Seesaw models limits σ(pp → L0L±) × B(L± → Zl±) × B(L0 → Wl), where l is
either e or µ, to about 200 fb for heavy leptons with the mass 100 GeV [26]. There is also a
similar search at CMS for both heavy leptons decaying through W [27]. In addition to these
specific searches there are also general searches for anomalous production of multi lepton
events [28] that constrain specific decay modes of heavy leptons.
However, in addition to the dependance of the branching ratios on Yukawa couplings
within the scenario we discussed, these in principle also depend on couplings that are not
necessary for the explanation of the muon g-2. For example, heavy leptons can dominantly
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decay into τ leptons reducing the number of light leptons in final states. Due to limited
existing constraints, all the scenarios we discuss are or easily can be made viable. This could
dramatically change with further searches for heavy leptons covering all the decay modes in
near future. In addition, improving the limits on h → µ+µ−, that already constrain parts
of the parameter space, is highly motivated even if the sensitivity to the SM prediction for
this process cannot be reached soon.
Finally, the charged leptons relevant to the asymptotic solution are far beyond the current
reach of the LHC. However, this solution can still be highly constrained by improving the
limits on h→ µ+µ−.
IV. A POSSIBLE UV COMPLETION
The model with extra vectorlike leptons can be embedded into recently discussed scenario
with extra 3 or more complete vectorlike families [13, 14]. This scenario features gauge
coupling unification, sufficiently stable proton, and the Higgs quartic coupling remaining
positive all the way to the GUT scale. Predicted values of gauge couplings at the electroweak
scale are highly insensitive to GUT scale parameters and masses of vectorlike fermions. They
can be understood from IR fixed point predictions and threshold effects from integrating
out vectorlike families.
These features are preserved even when one generation of L and E have masses close
to the EW scale and the extra Yukawa couplings are of the size required to obtain the
measured value of the muon magnetic moment. A specific example assuming extra three
complete vectorlike familes is given in Fig. 9. We fix ML1 and ME1 to 150 GeV (even
sizable variations of these masses would have negligible impact on the results presented in
this section) and λ¯ to 0.5. This value of λ¯ and masses of vectorlike leptons can generate
muon g-2 close to the central value and simultaneously generate the muon mass completely
from the mixing between light and heavy families. The masses of the other two generations
of vectorlike leptons and all three generations of quarks are varied to obtain the measured
values of gauge couplings at the EW scale starting from αG = 0.3 at MG = 2×1016 GeV. We
set all other Yukawa couplings to zero, except for the top quark Yukawa. The contributions
from λL and λE to the RG evolution of gauge, top Yukawa and Higgs quartic couplings can
also be neglected when the constraints from precision EW data are satisfied. The analysis
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FIG. 9: Left: the RG evolution of gauge couplings: α3 (top), α2 (middle), and α1 (bottom) in
the SM extended by three vector-like families for αG = 0.3 at MG = 2 × 1016 GeV. Right: the
RG evolution of the Higgs quartic coupling for mh = 126 GeV, the top Yukawa coupling and the
λ¯ with the EW scale value of 0.5. Masses of vector like fermions are ML1 = ME1 = 150 GeV,
ML2,3 = 2.0 × 106 GeV, ME2,3 = 2.4 × 107 GeV, MQ = 520 GeV, MU = 1.4 × 105 GeV, and
MD = 2.5× 105 GeV.
closely follows [13, 14] with the only exception that we use 1-loop RGEs for Yukawa and
Higgs quartic couplings. We use 2-loop RGEs for gauge couplings as in Ref. [13, 14].
The evolution of gauge couplings is almost identical to examples given in Ref. [13, 14].
With zero Yukawa couplings of vectorlike fermions the evolution of gauge couplings only
depends on the geometric means of masses of vectorlike fermions with the same quantum
numbers. Fixing two masses, ML1 and ME1 , to 150 GeV is compensated by making masses
of the other two vectrolike families correspondingly heavier. The addition of λ¯ = 0.5 does
not change the evolution of gauge couplings much since Yukawa couplings contribute only
at the 2-loop level.
The evolution of Higgs quartic coupling depends significantly on Yukawa couplings present
in the model. In the standard model, the top Yukawa coupling already drives Higgs quartic
coupling to negative values at a high scale. Additional sizable Yukawa couplings accelerate
this behavior and thus the stability of the EW minimum sets a limit on the size of extra
Yukawa couplings.
In the case of the SM extended by 3 vectorlike families the RG evolution of Higgs quartic
coupling is significantly different. The Higgs quartic coupling can remain positive all the way
to the GUT scale even with additional Yukawa couplings. The difference comes from larger
values of all gauge couplings compared to the SM above the scale of vectorlike fermions.
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Larger gauge couplings slow down the running of Higgs quartic coupling, see Fig. 9, and
eventually turn the beta function of Higgs quartic coupling positive. This effect is further
amplified by the fact that the top Yukawa is driven fast to much smaller values compared to
the SM (again due to larger gauge couplings) and its contribution to the running of Higgs
quartic coupling becomes small.
This is the minimal scenario (in this framework) with gauge coupling unification, suffi-
ciently stable proton, and the Higgs quartic coupling remaining positive all the way to the
GUT scale that simultaneously explains the deviation in the muon magnetic moment and
generates the correct muon mass. Adding another lepton Yukawa coupling of the same size,
for example λ to also modify h → γγ, would make the Higgs quartic coupling briefly go
negative. The EW minimum would still be sufficiently long lived even with somewhat larger
values of lepton Yukawa couplings. Alternatively, a stable EW minimum can be obtained
(Higgs quartic coupling is positive all the way to the GUT scale) by lowering both extra
lepton Yukawas to ∼ 0.4.
V. CONCLUSIONS
We showed that the deviation of the measured value of the muon anomalous magnetic
moment from the standard model prediction can be completely explained by mixing of
the muon with extra vectorlike leptons, L and E, near the electroweak scale. This mixing
simultaneously contributes to the muon mass (we label this contribution by mLEµ ), and the
correlation between contributions to the muon mass and muon g-2 is controlled by the mass
of the neutrino originating from the doublet L, that is given by the vectorlike mass parameter
ML.
We have found two generic solutions: the asymptotic one, ML  MZ , in which case the
Higgs loop dominates and the measured value of the muon g-2 is obtained for mLEµ /mµ ' −1;
and the second one with a light extra neutrino, ML ' MW , in which case the W loop
dominates and the measured value of the muon g-2 is obtain for mLEµ /mµ ' +1. In the
first case, about twice as large contribution from the direct Yukawa coupling of the muon is
required to generate the correct muon mass, while in the second case, the muon mass can
fully originate from the mixing with heavy leptons.
The sizes of possible contributions to the muon g-2, muon mass and other observables
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depend on the upper limit on Yukawa couplings that we allow in the model. We considered
two cases, the upper limit being 0.5 and 1. The 0.5 upper limit is motivated by a simple UV
embedding of this scenario with three complete vectorlike families featuring gauge coupling
unification, sufficiently stable proton, and the Higgs quartic coupling remaining positive all
the way to the GUT scale.
With the upper limit on Yukawa couplings being 0.5, the muon g-2 can be explained
within one standard deviation either with ML . 130 GeV (the mass of the lightest extra
charged lepton is me4 . 150 GeV), or with ML & 1 TeV. The small ML case predicts the
h→ µ+µ− in the range 5 – 9 times the standard model prediction. Depending on additional
Yukawa coupling, the branching ratio for h→ γγ can be enhanced by ∼15% or lowered by
∼25% from its SM prediction. The asymptotic case predicts only very small modifications
of h→ µ+µ− and h→ γγ compared to the SM.
Allowing Yukawa couplings of order 1, the range of parameters that can explain the muon
g-2 within one standard deviation and the range of predictions for Higgs branching ratios
significantly expand. The small ML case now requires ML . 200 GeV (the mass of the
lightest extra charged lepton is me4 . 250 GeV). The predicted h→ µ+µ− ranges from 0.5
to 24 times the standard model prediction. A part of the parameter space is thus already
excluded by the ATLAS search for this decay mode of the Higgs (the upper limit is 9.8 times
the SM prediction). Depending on additional Yukawa coupling, the h → γγ rate can be
modified by ∼50%.
New vectorlike leptons generically predict a variety of flavor violating processes. The
existing limits set strong constraints on other possible couplings in the model besides those
needed for the explanation of the muon g-2 anomaly. In addition, extra charged leptons
provide a variety of signatures at the LHC. They can be pair produced or can modify Higgs
decays. Some searches are already excluding parts of the parameter space and others are
getting close. Covering all possible decay modes of extra leptons should allow us to fully
explore the small ML case at the LHC with already available data.
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